This paper presents the results of comparisons between both four-component miscible flood simulators and fully compositional reservoir simulation models from seven different participants for a series of three test cases. These cases varied from scenarios dominated by immiscible conditions to scenarios in which minimum miscibliity pressure was maintained or exceeded throughout the simulations. In general, agreement between the models was good.
For a test case in which reservoir pressure was maintained above the minimum miscibility pressure, agreement between simulators, with the assumption of complete miXing of solvent and oil, and compositional simulators was excellent based on cumulative oil production as a function of cumulative water injection. For cases in which immiscible conditions dominated, the four-component models tended to be pessimistic compared to fully compositional models because condensible liqUids were not considered to be carried in the gaseous phase in the four-component simulations. Relative permeability treatment, especially near the injection well, tended to the timing of recovery and . injectant br'eakt:hI-murlJ..
The simulation of gas or solvent injection into a volatile oil reservoir can be modeled by approximating the phase behavior with four components -oil, water, free/solution gas, and injection gas (solvent)-as described by Todd and This process can also be modeled by accurately simulating the phase behavior with n-components whose K-values are complex functions of pressure, temperature. and composition. A precise set of rules of when one may approximate the displacement process with four components and when one must use the fully and i lustrations at end of Paper. compositional formulation is not generally available. There is much discussion in the technical community of exactly this problem. but all too often the decision of which model is used comes from time, money, computer, or data availability or purely subjective reasons. Thus, this comparative solution project has attempted to present an opportunity for the petroleum simulation community to investigate some aspects of this question and at the same time provide an attempt to validate two types of reservoir simulators under certain conditions. As was said in the Fourth SPE Solution Project,2 "good agreement between results from different simulators for the same problem does not insure validity of any of the results, (but) a lack of agreement does give cause for some concern." This paper represents the fifth in a series of comparative solution problems which have been open for participation by oil companies, research institutes, and consult~ts_ The first study was conducted by and consisted of a three-dimensional, two-phase, black-oil simulation.
Chappelear and a study of three-phase. single weI radial cross-sectional coning simulations. A compositional, three-phase study of gas cycling in a retrograde gas condensate reservoir comprised the third comparative solution project organized by Kenyon and Behie.
5 The most recent comparative solution problem conducted by Aziz. Ramesh, and was a two-dimensional radial steam injection (thermal) simulation.
The object of this paper is to present the simulation problems and selected results as submitted by the participants and to discuss any large differences which exist in the results. Seven participants were involved in this project. An attempt has been made to describe the problems and the input to the simulators in such a fashion that all of the appropriate variables for each participant 55 2 FIFTH COMPARATIVE SOLUTION PROJECT: EVALUATION OF MISCIBLE FLOOD SIMULATORS SPE 16000
(1) For scenario one the average reservoir pressure declined rapidly below the initial saturation pressure for most of the simulation.
For scenario two the average reservoir pressure was maintained well above the original saturation pressure and in the vicinity of the minimum miscibility pressure for the entire simulation.
The oil contained the following mole percents: 50% , 3% 7% 20% 15% and 5%
( See Appendix. ) ObViously, these compositions represent an extremely light oil. The injectant gas/solvent contained 77% , 20% and 3% component was added to the Figure 2 depicts the typical average reservoir pressure response for the three scenarios. As shown in figure 2, the main difference between scenarios one and three is the rapidity in which average reservoir pressure is raised from natural depletion conditions to minimum miscibility conditions. The minimum miscibility pressure is in the range of 3000 to 3200 psia, depending on the definition used, and the initial saturation pressure for the reservoir oil is 2300 psia. A detailed description of the reservoir and fluid properties and the scenarios is given in the Appendix and in Tables 1-9 .
For scenario three the average reservoir pressure initially declined below the saturation pressure. Rapid overinjection repressured most of the reservoir to a point near the minimum misciblity pressure.
The four-component fluid description contained details necessary to simulate the three scenarios with a standard four-component. mixing parameter model as described by Todd and To generate the "black-oil" PVT properties that correspond with thePeng-Robinson equation-of-state characterization, constant composition expansions and a differential liberation were simulated for both the reservoir fluid 1) and the injection gas/solvent. In Tables 6 through 8 these results are C~~ULCU as if they were experimental results from a laboratory. The participants generated the required PVT data for their model from these tables. An example of ARCO's four-component model PVT data ( Table 9 ) was included as reference to aid the particiPants. , and equations coefficients were given. The specification of all equation-or-state parameters eliminated differences in charaterization and phase matches in the phase behavior results. injection gas so the fluid system would reach a critical point and become single phase as might be expected in a condensing gas drive mechanism. Without the in the gas, this system, in a linear displacement, exhibited the combined condensing/vaporizing mechanism described by Zick. 6 ( See Table 5 . ) The have been well defined. The hope was then that any differences seen in the simulation results would be caused by differences in the simulators or by differences in the input data that were intentionally left to the discretion of the engineer making the simulation.
Three injection and production scenarios were designed to test the abilities of the and compositional models to simulate the WAG water alternating gas) injection process into a Ie oil reservoir. One reservoir desciption was used in all simulations. The problem did not necessarily represent a real field application or real fluids. A 7 by 7 by 3 finite difference grid was used as shown in Figure 1 . Both the coarse grid and the extremely reservoir oil were chosen to allow the problem to simulated in a reasonable amount of computer time with a fully-compositional simulator. The coarseness of the grid produced significant numerical dispersion and/or grid orientation errors for all of the models which were compared. Obviously, for a more realistic simulation, grid refinement or orientation studies might be necessary to better quantify these errors. During the develOPment of the problem, a comparison of results from more finely four-component models was considered; hOl~e,rer, for between the four-component and composi models it was decided to use a single coarse grid, ignoring numerical dispersion effects.
Three production/injection scenarios were given for the comparative problem. The discussion of the results for each scenario includes a comparison of results submitted from both four-component and compositional simulations. These comparisons give us a look at the validity of the models for a given scenario. COmParisons of typical four-component results with compositional results show us the differences between the two types of simulators for the various scenarios. A complete set of graphical and tabular results from all of the participants for the three scenarios can be obtained from the authors.
Each participant was requested to submit simulations of each scenario from a four-component simulator and/or from a compositional simulator. Along with each simulation result, the participant was requested to explain, in a few sentences, which simulator he would choose for each scenario. Since this was an engineering judgement. there is no right or wrong answer to the choice of simulator or the reason for the choice.
The three scenarios involve one WAG injection well located in the grid block with i:1. j:l. and k:1, and one production well located in grid block i=7, j:7, and k=3. The production well is constrained to produce at a maximum oil rate of 12000 SIBID. The minimum bottom hole pressure for the production well was varied among the scenarios. A limiting COR of 10 MCF/SfB and a WOR limit of 5 SIB/SIB were used for the shut-in criteria for the simulations. The WAG injection schemes and production constraints were altered to give the following properties: 3 In most four-component models there are 3 to 5 parameters or switches which must be set by the user to control the model's calculation of the change from immiscible to miscible conditions. The selection of these parameters affects the ability of the four-component model to emulate the immisciblel miscible process. Participants were required to specify the miscibility parameters for their particular model based on the recovery versus pressure data given in the appendix for the slim tube
. ( See Figure 3. ) A further discussion these parameters is given in the section on the description of the participants' models. British Petroleum used a modified version of Scientific Software-Intercomp's COMP II reservoir simulator for the solutions. Two modifications which were used included the extended Todd-Longstaff treatment and an associated modification to the relative permeabilites.
For the extended Todd-Longstaff model the hydrocarbon phase existing in each grid block is partitioned into two , "oil" and "solvent", The phases are assumed to flow as independent miscible phases wi their densities and viscosities given not by their composition. but the mixing rules proposed by Todd and Longstaff. The saturations of the pseudo phases are found by that the composition of the pseudo oil is known usually the initial oil composition) and that one of the components acts as a tracer of the pseudo-oil saturation. Any remaining after the pseudo-oil phase been subtracted comprise the With two components in a simulation formulation reduces to precisely the original Todd and Longstaff model.
The parameters for the extended Todd-Longstaff treatment are the mixing w and the pseudo-oil composition.
the comparative solutions the pseudo-oil c(J,m-PK)siition is assumed to be the initial oil composition component C20 is used as the tracer.
For the comparative solution cases D4 Gauss and single point upstream weighting of phase transmissibilities were used.
The results from BP were reported for two simulations: standard treatment of compostional phenomena ( "BP COMP I") and the extended Todd-Longstaff approach ( "BP roMP For the four-component cases Computer Modeling Group's lMEX. four-component, adaptive-implicit, black-oil model was used with the pseudo-miscible option. This option assumes that solvent may dissolve in water but not in the oil phase similar to most of the other four-component-type models in this paper. The Todd-Longstaff mixing parameter approach is used.
The compositional runs were performed using CMG's adaptive-implicit model GEM. A semi-analytical approach was used to decouple the flow equations from the flash equations. A quasi-Newton methed ( QNSS ) was used to solve the resultant flash equations. To insure rapid convergence, the fully coupled well equations were solved simultaneously with flow equations using a Newton Raphson procedure.
Preconditioned generalized conjugate gradients and single point upstream weighting were used for the solutions given in this paper. A modification to Stone's three phase oil relative permeability treatment was used.
Chevron
The Chevron miscible flood simulator ( "four-component simulator" is a fully-implicit three-component model on the concepts outlined by Todd and Longstaff. As opposed to the other miscible flood models in this paper, the Chevron simulator does not include a free gas component. The Chevron compositional model is a fully-implicit. The mode 1 uses an IMPES approach enhanced wi th a stabilized Runge-Kutta time discretization. An implicit saturation option in thcx-, y-, and/or zdirections is also available. Two-point upstream weighting of the transmissibilities and D4 Gauss were used for the comparative solutions.
were generated as a function of pressure. and Cl and C3 concentrations.
For the fully compositional simulations, the K-values for the five volatile components, and molar volumes for all components were generated using Hagoort and Associates' equation-of-state based program "PvrEE". For the four-component representation. the stock-tank oil and the separator gas are represented by two pseudo in the normal black-oil fashion except that solution gas-oil ratios, formation volume factors, densities, and viscosities are represented with K-values, molar densities. mol-weights, z-factors. etc. Several different treatments were used for miscibility conditions in the various Todd-Longstaff formulations presented here. The AROO model used a single value of the miscibility pressure equal to 3000 psia for the switch to miscibility conditions. A "ramp" condi tion was available but not used. ) mixing parameter w was set to a value of 1.0 corresponding to complete mixing of oil and solvent. CMG also used a parameter equal to 1.0. For CMG. miscibility tions were allowed to vary with pressure in a linear fashion from completely immiscible conditions at 2300 psia to full miscibility at 3000 psia. Chevron used an w equal to 0.7 for miscible flood simulations. The Chevron residual oil to solvent flood SORM4) was varied with pressure according to the lOWing table: ERC used a miscibility pressure of 2800 psia. The mixing parameter for ERC was set equal to 0.5 for all runs. The TDC miscible flood simulator used a miscibli ty pressure linear "ramp" from 1500 to 3200 psia with a mixing parameter of 0.6 .
3400.
As indicated above. scenario one involved a WAG injection case in which the reservoir pressure remained substantially below both the initial saturation pressure and "miscibility" pressure for For the comparative solution cases the fully-implicit option was used. Gas relative permeability hysteresis and three oil relative permeabilities by Stone's method were employed.
Reservoir Simulation Research Corp. incorporated an IMPES-type equation-of-state compositional model for the simulations. Single point upstream weighting and redlblack line SOR were used in the results presented here. Reference 12 gives further details of this simulator.
Although multiple contact miscibile displacement may be represented explicitly with the program through the use of appropriate equilibrium data, the philosophy of the program for simulating miscible displacement processes is to maintain segregated solvent-rich and oil-rich regions. The degree of segregation is controlled by a mixing parameter approach to account for viscous fingering phenomenon.
The simulator treats seven components which may partition among three phases: liquid hydrocarbon. gas or solvent rich phase. and aqueous phase. The brine component is confined to the aqueous phase. Five of the six remaining components are allowed to partition between the non-aqueous phases as determined by the input K-values. In addition to pressure. K-values can depend on key component concentrations. One component may partition into the aqueous phase. One of the components is non-volatile. but may almost the entire simulation. qualitatively similar.
is the oil relative permeability from the
Comparison of Results for Scenario Two
Scenario two represents a case in which the reservoir pressure was maintained near or above the minimum miscibility conditions. these treatments injectivi ty and timings for where k row water-oil two phase data. Each of leads to a substantially different can cause the major differences in
The large variation of water injection rate by the participants is probably the result of different gas/solvent relative permeability treatment near the injection well. There are at least two possibilities for injection well permeabilities. First. an "upsteam" relative permeability could be assumed in which all nearwell saturations are assumed to be at 100% of the injected phase saturation or at residual saturations. For the other possibility, a total mobility of phases in the injection grid block could be used. For the total mobility treatment the relative permeabili used for the gas/solvent has three possibilities: 1 drainage gas relative permeability, tion gas relative permeability, imbibition for gas/solvent. Figure 13 gives the results for the cumulative oil production versus time for the four-component models in scenario two. As shown in this figure. there is a marked deviation between the TDC model and the other participants. The ARCO and CMG results are similar to one another. and the ERC and Chevron results are higher than the others. These differences in results can be easily resolved. A plot of cumulative oil prodution versus cumulative water injection as shown in figure 14 shows that the four-component models fall into two groupings. The CMG and AROO results are still close to one another but higher that the other particiPants. The differences in results can now be explained in a consistent manner by the value of w which was used by the participants. Both CMG and AROO used values of 1.0 for w in an attempt to obtain a comparison with compositional model results. Chevron, ERC, and TDC used values of 0.6. 0.5, and 0.7. respectively. to show the effect of possible viscous fingering on recovery. The differences in miscibility n~·~~e"rt reatment as described above appears to a minor effect on results since a higher value of w for the Chevron model resulted in a slightly lower recovery than predicted by IDe. The TDC model used the highest value of pressure for complete miscibilty to occur. This resulted in lower overall recovery. Figures 15 and 16 show GOR and WOR as a function of time. Implicit in this is the fact that -timing of high WOR and is dependent on the injection volumes. Since both Chevron and ERC injected substantially greater volumes of water at a given time than the other • water breakthrough and high GOR occurred earlier in their simulations compared to the others. The average reservoir pressures shown in Figure 17 indicate the effect of the greater volumes of injection for Chevron and ERe resulting in higher pressures for their simulations. As shown in Figure  17 the average pressures for all participants exceeded the minimum misiciblity conditions throughout the simulations of scenario two.
The scenario one compositional simulator results for all participants compared somewhat better than the four-component models. Figure 9 compares cumulative oil production for the compositional models. As shown, the results were quite similar for all participants with deviations of only ±3%. The Chevron and RSR models do tend to produce slightly longer than other participants' models before reaching the maximum GORIWOR limits, although all had comparable total oil recoveries. Figures 10 and 11 show WOR and GOR behavior for the compositional models for scenario one. These figures indicate the reason for the longer period for the RSR and Chevron models.
water breakthrough and high GOR production occurred at approximately the same time for all models, both the RSR and Chevron models show a slower rise in both GOR and WOR with time. Again, this may be the result of a different oil relative permeability treatment at the production well for these two models. As shown in Figure 12 , average reservoir pressure for all models behaved similarly. Figure 4 compares the cumulative oil production for all of the four-COmponent models. Two things are evident from this figure. First, cumulative oil for the Chevron model is substantially the results for the other particiPants. This can be explained the inability of that model to correctly account the evolution and production of dissolved gas. The second point is the continued oil production of the CMG model after the other three models have ceased production due to excessive producing gas-oil ratio. An analysis of the GOR and WOR behavior for this case as shown in Figures 5 and  6 gives a clearer indication of the differences in the results. The GOR behavior shown in Figure 5 indicates that the Chevron of ignoring dissovled gas results in a lower GOR for the early time period of the simulation. It is interesting to note that the Chevron results do show gas breakthrough at about the same time as most of the other models. Figure 6 shows that the CMG four-component model had water breakthrough at the producer at about the same time as the other models. The slower increase in both WOR and GOR for the CMG model after breakthrough may result from the use of a different oil relative permeability treatment from the other participants since oil saturation variation with time at the center of the top layer is similar in the different models. ( See Figure 7. ) As shown in Figure 8 the average reservoir pressures for all of the models were similar with the exception of the Chevron results.
Figures 9-12 also show a comparison of a typical four-component model ( ARCO limited-compositional miscible flood simulator) with the compositional models for scenario one. In general. the four-component models tend to be somewhat pessimistic in oil recovery compared to the compositional models due in part to the assumption that the four-component models cannot carry an oil component in the gas phase. Because some oil vaporization oil did occur in scenario one in the compostional simulations, the four-component GOR behavior is somewhat higher than the compositional models especially after solvent breakthrough. Water breakthrough. high GOR behavior. and average reservoir pressures for both compositional and four-component models tend to be results as discussed above.
For scenario two the cumulative oil productions versus time for compositional models ( Figure 18 ) showed a substantial deviation for all of the participants. Again, cumulative oil production as a function of cumulative water injection removes most major differences in the results as shown in Figure   19 The marked deviation of the timings of the results is again likely due to the near well treatment of gas/solvent relative permeability. Both the BP and RSR results use drainage gas relative permeabilities for calculation of near-well injectivity. ARm used a combination of k row and imbibition gas relative permeabilities depending on interfacial tensions, and CMG used k for the row near-injection well conditions. Each of these treatments leads to substantially different injectivities. Figures 20 and 21 show that the GOR and WOR behavior for the scenario two compositional cases. As shown in 22 the average reservoir pressure of the BP, and RSR models was somewhat higher due to the larger volumes of water injected.
of oil saturations at center of the top layer • the length of the simulations differs somewhat to differences in GOR behavior. Oil production for the CMG case continues longer than any of the other participants. Figures 26 and 27 indicate that the main reason for the differences may be a minor difference in relative permeability treatment at the producer for the CMG case. Both GOR's and WOR's began increasing at the same time for all models except the Chevron model. The WOR climbed somewhat more slowly for the CMG model in turn causing the GOR maximum to be reached well after the other models. As shown in Figure 28 , average reservoir pressure showed a somewhat more erratic behavior due to the severity of the injection rates in this case.
Compositional results for scenario three cumulative oil versus time showed a substantial deviation among the participants ( See
)
The plot of cumulative oil production versus cumulative water as shown in Figure 30 shows that the from all participants are comparable. The main difference among the models was the of time until the GOR limit criterion was met.
shown in Figure 31 , GOR's for all models began to climb above 2 MCF/STB at approximately the same time; however, GOR for the CMG and TDC models appeared to rise at a slower rate than the other models. Again, this may be the result of the use of different treatments. As shown in Figure  32 , WOR for all models was similar with breakthrough occurring at about the same time. Average reservoir pressure results for the compositional models were again erratic as shown in Figure 33 .
As shown in Figure 31 , the main difference in the results for scenario three between the four-component and compositional models is the higher COR for the four-component models during years 2-8. Again, this is probably the result of the simplistic phase behavior assumptions of the four-component models for this comparative solution project.
The comparison of simulator efficiencies is based on three criteria reported by the Number of time steps,. number of nonlinear iterations, and CPU time. Since the total number of to simulate a given case varied widely especially for scenario two) , the length of the simulation should be taken into account when comparing results. Four-component model results for scenario three reflect a behavior similar to the results for scenario one since immiscible conditions dominate the production behavior for this case.
As shown in Figure 25 cumulative oil production for the cases was similar with the exception of the Chevron model. Again. the inability of the Chevron model to handle the production of gas which has evolved from solution causes the major differences in Tables 11 and 12 compare total number of time steps and outer iterations for each participant for all of the cases. In general, the number of outer Newtonian iterations varied between two to four for each time step for all participants. The lower totals for the number of time to fully-implicit treatments whi the larger number is more representative of the IMPES models. The authors would like to express their appreciation to the fol participants who provided the data used in paper:
Compositional results were similar for all participants for scenario one. For scenarios two and three, differences existed among the compositional results primarily due to differing solvent and water injectivi ties.
The results presented in this paper showed that simulations for scenarios one and three gave comparable results among the various participants for four-component models. For scenario two four-component results show deviations in recovery versus time due to different injection volumes and miscibility parameters for the participants.
Comparisons of four-component and compositional results showed that for scenario two the mbdels were in good agreement. For the cases dominated by immiscible conditions ( scenarios one and three ), the four-component models tended to be somewhat pessimistic due to asumptions concerning the phase behavior in the four component models.
The discussion of the previous section indicates that for scenario two, in which minimum miscibility conditions were exceeded during the entire simulation for most grid blocks, four-component results with complete mixing gave excellent agreement with compositional results. If viscous fingering is a dominant mechanism, the use of a Todd-Longstaff approach ( or extension may give more realistic answers in these situations.
CDNCLUSIONS
simulations as far as efficiency is concerned. The emphasis for the comparative solution was on the accuracy of results rather than efficiency.
Based on the results given above it is possible to comment on the appropriate model for a given simulation case. The compositional formulation appears to give somewhat more accurate results for the cases in which some of the reservoir oil is volatilized into the gaseous phase ( scenarios one and three). The presence of oil in the gas phase results in a more realistic recovery for the co>mplQs;itional case. A four-component model which some form of volatile component in the gas phase could produce results similar to those for the models; however, this was not investigated in this paper.
These results indicate that for situations in which injection rates are limited by bottomhole pressure constraints, care should be taken in the calculation of near-well phase mobilities and relative permeabilites. Three phase relative ...",rnlO":Olhi Ii ty treatments near the producer may have affected the results of the four-component models to a lesser extent. We especially thank Mike Todd for his helpful discussions and comments.
The three cases used for both the four-component and compositional comparisons were based on the 7 by 7 by 3 finite difference grid sbown in Figure 1 . The grid and reservoir description are similar to that used in the first comparative reservoir simulation project by Odeh.
3 Two wells, one for production and one for injection, were located in te corners of the grid. For compositional six components were used for the hydrocarbon fluids. The three cases all involved alternate of water and an enriched methane solvent.
1-9 present the details of the model input data.
Scenario One
Oil production at 12ooo.STB oil per day with a minimum bottomhole pressure of 1000 psia for two years wi th no injection. At year 2. begin WAG injection with a one year cycle. Maximum Injection Bottomhole Pressure::: 10,000 psia. .9947
(1) Barrels of oil at indicated pressure and teJIperature per barrel of residual oil at 6O°F( 2) Mer of gss at 14.7 psia and 60 . . . .' per 1 RVB of gas at temp and pressure (c.alculated)"
(3) SCF of gas at tel'llP and pressure per barrel at 14,,1 p81a and WOF.
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